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Foreword

A workshop on Biological Life Support Technologies: Commercial Opportunities — sponsored by the NASA
Office of Commercial Programs and hosted by Space Biospheres Ventures — was held at the Biosphere
2 project site near Tucson, Arizona from October 30 to November 1, 1989.

The meeting drew together researchers from some of the most innovative projects of NASA Life Sciences
and private industry in environmental and bioregenerative systems. The role of biological life support
technologies was evaluated in the context of the global environmental challenge on Earth and the Space
Exploration Initiative, with its goals of permanent space station, lunar base and Mars exploration.

Background on Biological Life Support Systems Research

Research on biologically-based systems of life support dates back to the 1950s spurred by the advent of
high altitude flight and the development of submarines where crew members spent long periods of time in
tightly sealed environments, separated from the normal life support mechanisms provided by the biosphere
of the Earth. The beginning of space flights greatly accelerated this research, with programs supported by
both the NASA and Soviet space agencies.

The driving force behind the search for biological — also called “bioregenerative” — life support systems
derives from the implications of a simple calculation. Approximately 0.6 kg food, 0.9 kg oxygen, 1.8 kg of
drinking water, 2.3 kg of sanitary water and 16 kg of domestic water for a total of some 22 kg per day, or
some 45-50 pounds are required to provide life support for each person for every day in an artificial life
support system. Thus, in the course of a year, the average person consumes three times his body weight
in food, four times his weight in oxygen, and eight times his weight in drinking water. Over the course of a
lifetime, these materials would amount to over one thousand times an adult's weight.

Life support systems for astronauts have been accomplished to date by almost purely physico-chemical
means and mainly by supply from Earth. When provisions of food, water and breathable atmosphere are
consumed, astronauts must return to Earth — or be resupplied, as in the Soviet Mir Space Station, by
expensive materials relaunched from the bottom of Earth’s gravity well. The role of a sustainable biologically
recycling system will be to radically change our ability to sustain human life in space on a permanent and
evolving basis.

The early search for developing biological life support concentrated on aquatic tanks for growing highly
productive algae for regenerating air and water. Despite intense efforts, it proved impossible to make the
algae palatable to humans except in quantities of 25-50 grams per day. It also proved difficult to couple the
algae reactors to higher plants in integrated life support systems because byproducts of the algae are
injurious to plants.

Nevertheless, research has continued, now focussing on systems based on higher plants for food
production. The Soviet program included the Bios-3 facility at the Institute of Biophysics, Krasnoyarsk, Siberia
where crews of two to three people were supported for up to six months in a biologically-based system where
nearly all of the water, 95 percent of the air and about half of their food was produced/regenerated within
the facility. In 1978, NASA initiated its Controlled Ecological Life Support Systems (CELSS) program to
develop capability in biological life support and in 1984, Space Biospheres Ventures started its program of
bioregenerative life systems research and development.



Applications and Commercial Opportunities

Biological life support technologies have a spectrum of terrestrial applications in addition to their role in
space exploration and habitation. Some of the problems that they address have strong counterparts in
problems of environmental cleanup and recycling. For example, the problem of clean air regeneration in
spacecraft cabins or sealed space outposts is analogous to the so-called “sick building syndrome” often
associated with relatively tightly sealed energy-efficient buildings. A static atmosphere — without a means
of removing trace gases from outgassing of materials and from people themselves — eventually leads to
accumulation of trace gases and possible health problems. The challenge to recycle human waste and
regenerate domestic/hygiene water in space habitats is similar to the problem of developing recycling
systems in the global arena to prevent the degradation of waters caused by urban sewage disposal.

The goal of developing bioregenerative life support systems which completely sustain humans in a clean
and healthy atmosphere — and which do not produce pollution as a byproduct — has parallels with
humanity's need to create technologies that will permit development without eroding the habitability or life
support capacity of our planetary home.

The commercial opportunities and historic importance for such spinoffs are enormous as we begin to
cleanup past pollution and develop non-polluting types of technology. In addition, development of completely
materially closed life systems opens a wealth of scientific opportunities. Elucidation of the biotic cycling
exhibited in such systems can lead to fundamental insight into how such processes operate in natural
ecosystems. Small, materially-closed systems —— such as those being developed by the NASA CELSS
program, and biospheric and Test Module-type laboratories by Space Biospheres Ventures — have short
cycle times for nutrients and gases and allow very intensive monitoring, thus facilitating detailed examination
of mechanisms of interest to scientists studying Earth's geosphere and biosphere. We have begun to study
the Earth as a total system from space, and will increasingly do so in the coming decades under the various
“Mission to Planet Earth” programs of space agencies, and the International Geosphere/Biosphere Program
of ICSU.

Review of Workshop

It was in this context of expanding possibilities and necessities that the workshop was convened.

Dr. Thomas Paine, former Administrator of NASA and Chairman of the National Commission on Space,
opened the workshop with a tour of space frontiers which beckon within our extended environment, the
Solar System. Dr. Paine underlined the role and necessity for bioregenerative and biospheric systems to
make our exploration and habitation permanent.

John Allen, Director of Research and Development at Space Biospheres Ventures (SBV), presented a
historical overview of the Biosphere 2 project, underscoring the potential of closed biospheric systems to
advance understanding and stewardship of the global biosphere on Earth. A Biosphere 2 project site tour
provided background and introduction for closed ecological systems presentations by SBV. Abigail Alling,
SBV Director of Marine Ecological Systems, reviewed the Biosphere 2 Test Module manned and unmanned
closed ecological system experiment series, as well as engineering innovations used to produce such a
tightly sealed structure. She outlined Test Module-tested subsystems and technologies which have for the
first time provided complete bioregenerative life support. Carl Hodges, Director, anc' Dr. Robert Frye of the
Environmental Research Laboratory, detailed soil microbial air purification technology utilized in intensive
food production systems for Biosphere 2, noting potential spin-offs for sustainable high yield and non-pol-
luting agricultural systems and for solving air quality problems. Dr. Roy Walford, Professor of Pathology at
UCLA Medical School and SBV Chief of Medical Operations, outlined the heaith program for Biosphere 2,
major potential concerns and monitoring procedures, including use of micro-systems for diagnostic tests
and biomarker studies for long term evaluation of human health in closed ecological systems.



Lee Tilton introduced the environmental engineering and biological life support research of NASA
Stennis Space Center, where he is Director of Science. Dr. Bill Wolverton, now of Wolverton Environmental
Consulting and recently retired from NASA Stennis. discussed the natural ability of plants and their microbial
symbionts to solve waste recycling and pollution problems of soil, air and water, emphasizing the enormous
economic and environmental potential for such biological systems. Micrabiologist Anne Johnson presented
the BioHome — a practical application of Stennis Space Center Environmental Laboratory research —
integrating biological waste. water and air recycling systems into a private home.

Dr. Mel Averner, Manager of the NASA Controlled Environmental Life Support Systems (CELSS) and
Biospherics Programs, introduced the NASA CELSS program, its major drivers and current requirement to
be able to evolve from a "hybrid system”, interfacing with partly physico-chemical life support technologies.
Dr. Bill Knott, Manager of the Life Sciences Support Facility at NASA Kennedy Space Center, reviewed the
most advanced CELSS endeavor to date, the Breadboard Project —a Project Mercury pressure chamber
reconfigured as a biomass production unit with a closed and recycling air and water supply. Dr. Knott
outlined its control and monitoring systems, the dynamics of environmental parameters and its record of
production with recent cropping trials. Dr. David Bubenheim, Research Scientist at the NASA Ames
Research Center. discussed CELSS work at Ames to improve system efficiency, and the Plant Growth
Research Chamber as a prototype for bioregenerative systems flight hardware.

Dr. Gerald Soffen, Associate Director for Program Planning and Chief Scientist of Earth Observation
System (EOS), NASA Goddard Spaceflight Center, took us on a Mission to Planet Earth. He reviewed the
urgent necessity for understanding the Earth as a system because of human impact on the global
environment. He reviewed the EOS program as an example of international cooperative ventures where
space platforms and terrestrial studies can cooperate to revolutionize our knowledge of the biosphere.

Dr. Joseph P. Allen. President of Space Industries Inc. and former NASA Space Shuttle astronaut,
contributed a first hand report of space life support to date — from the shuttle cabin to free-falling in the life
cocoon of a space suit. He voiced support for commercial initiatives as well as new and less cumbersome
management approaches to enable both NASA and the private sector to better bring space opportunities
and visions to fruition.

Dr. Wendell Mendell. Chief Lunar Scientist, NASA Johnson Space Center, reviewed the emergence of
a practical strategy for the evolutionary expansion of humankind into the Solar System. He pointed out that
a chiet limiting factor now in such plans, which are now official U.S. and NASA policy, is our understanding
of life sciences in space and especially bioregenerative life support technologies. He presented a new
trade-off study on the payback period for bioregenerative life support and the historic opportunities now
available since the policy decision to establish a permanent lunar outpost as a step toward Mars exploration
and bases.

Mark Nelson,
Gerald Soffen
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Biospheres and Solar System Exploration

Thomas O. Paine, Ph.D.
Administrator of NASA, 1968-70
Chairman, National Commission on Space, 1984-86

| believe in the research program initiated here at
Space Biospheres Ventures. Humanity is a flour-
ishing species because of our drive to explore and
our technological ingenuity. Twenty thousand
years ago our ancestors initiated the agricultural
revolution with technologies that altered our rela-
tionship to nature. Herdsmen and cultivators can't
revert to hunter-gatherers, nor can we abandon our
half-completed industrial revolution, although we
must better manage the environmental impact.

We meet here at a time of historic decision with
modern nations at a crossroads, reconsidering the
choice between developing technology for mutu-
ally-assured destruction, or for expanding life be-
yond Earth's biosphere. The news in late 1989 is
encouraging. The superpowers appear to be turn-
ing onto the road of life, but — human nature being
what it is — the issue can never be finally resolved.
The next great evolutionary challenge to our spe-
cies is to open the Inner Solar System to human
settlement. Learning to “live off the land” on re-
source-rich Mars will double the territory available
for life, and encourage our descendants in another
century to settle countless planets circling distant
sSuns.

in this historical context, | see Biosphere 2 as
a shining beacon pointing the way to an expanding
future for humanity. Closed ecology systems can
free us from Malthusian limitations by making the
Solar System our extended home. For the first time
in the history of evolution, the human intellect can
extend life beyond Earth's biosphere, following the
lead of species that left the oceanic biosphere to
inhabit dry land billions of years ago. In the 21st

Century, a network of bases throughout the Inner
Solar System, interconnected by space transpor-
tation and communication infrastructure, can sus-
tain vigorous high-tech civilizations evolving on
three worlds. The space settlement implication of
Biosphere 2 is thus my theme for tonight.

IMPLICATIONS OF BIOSPHERE
TECHNOLOGY

As you know, our Earth is one of nine known
planets circling the Sun, which is one of about a
trillion stars in our Milky Way Galaxy, which is one
of about a trillion observable galaxies (which will
probably grow to ten trillion galaxies when the
space telescope goes into operation next year). So
we have explored only eight of the universe’s trillion
trillion terrae incognitae (Figure 1). We can't snap
a photo of our own Galaxy, but we can photograph
the nearby Andromeda galaxy, which closely re-
sembles our Mitky Way. Our Sun is a star out near
the galactic rim; it is from this perspective that we
observe the heavens.

As far as science can tell, the only life in the
entire cosmos is that riding through space on our
precious blue planet, and the only intellect in all
creation studying the universe is the human brain.
With a trillion trillion possibilities, it's hard to believe
that we're alone, but to date we have turned up no
scientific evidence for the existence of life beyond
Earth. So we are “E.T." — it's up to us to expand
intelligent life to the stars.



THE FIRST STEP: OUR SOLAR SYSTEM

Our energy-giving Sun is circled by the four earth-
like planets: Mercury, Venus, Earth, and Mars.
Beyond Mars lies the asteroid belt, where more
than 3000 small planetesimals have been discov-
ered (and more than ten times that number are
believed to exist). Beyond these are the four gas
giants of the outer solar system: Jupiter, Saturn,
Uranus. and Neptune, then the outermost planet,
Pluto, and finally the great Oort cloud of comets
extending for billions of miles. Occasionally one of
these icy bodies is perturbed and swings through
the Inner Solar System, boiling off a vaporous tail
which the solar wind deflects across the night sky.
Cometary impacts may have distributed water and

organic chemicals throughout the Solar System
from the enormous quantities stored in the Qort
cloud. Let's briefly review the exploration status
and prospects of each world in our Solar System.

The Sun

As Copernicus and Galileo showed, our Sun is the
central star whose thermonuclear cycle provides
the life-giving energy that drives Earth's biosphere.
Surprisingly, we still don't fully understand the nu-
clear fusion cycles involved; the Sun's neutrino flux
doesn't quite fit our physics equations. Since the
Sun fuels all life, space-based observatories and
underground neutrino detectors are being im-
proved to clear up the mystery of solar physics.

Figure 1. A portrait of seven of the planets in our Solar System studied by spacecraft. The one in the middle, Earth,
has a unigue life support system called a biosphere. (Photo: NASA )
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Mercury

The planet nearest the sun is slightly larger than
our Moon. Mercury's surface resembles the
Moon's because both sustained intense meteorite
bombardment in the early history of the solar sys-
tem, and an absence of water erosion preserved
their cratered terrains. The prospects of astronauts
exploring Mercury soon are remote. Because it is
so close to the sun, elaborate thermal protection
would be required on the illuminated side. On the
other hand, we and the Soviets are discussing
automated Mercury probes early in the next cen-
tury, and it is certainly possible that humans might
explore the planet later if sturdy robots find inter-
esting resources and research opportunities.

Venus

Next comes Earth's twin planet, Venus, with its
dense atmosphere of carbon dioxide, sulfuric acid,
and other gasses. Atmospheric scientists have a
fine laboratory here in which to study a run-away
greenhouse effect. The pressure at the surface of
Venus equals that two thousand feet beneath the
ocean, with a temperature high enough to sustain
puddles of molten lead. U.S. and Soviet spacecraft
have shattered science fiction dreams of humid
jungles teeming with seductive Amazons. Cloud-
shrouded Venus has been mapped by orbiting
side-looking radars, and several Soviet landers
have parachuted to the hostile surface to transmit
brief observations of basaltic rocks before being

Figure 2. Mars settlement in the 21st century. In the distance. a spacecraft departs the Martian base. (Artist: Robert
McCall. Copyright 1986 by Bantam Books. Inc.)



incinerated. Powerful radar signals bounced off
Venus from our giant Arecibo radio telescope in
Puerto Rico show shiny areas at the base of conical
neaks, suggesting major flows of volcanic lava.
NASA's Magellan probe is now en route to Venus
to obtain a high precision map of the Venusian
mountains and plains.

Earth

Next outward from the Sun is our own beautiful blue
planet, 75% covered by oceans. Distant photo-
graphs by Apollo astronauts of Earth's unique bio-
sphere floating in space provided great impetus to
the environmental movement. Space observations
allow us to scan continuously the entire surface of
Earth, monitoring ozone, agriculture, glaciers, tec-
tonic plates, polar icecaps, vulcanism, the interac-
tion of ice and water with the atmosphere and land,
and many other critical processes. From orbit we
can study poliution and urbanization, the destruc-
tion of great rain forests, desertification, erosion,
and resulting changes in the Earth's climate.

In 1992 a major Mission to Planet Earth will
celebrate the 500th anniversary of Columbus’ dis-
covery of a new world. Many nations will join an
intensive Earth monitoring program combining
space and surface systems. Photographs from
space will record the temperature of the entire
globe each day of the year, while other satellites
scan auroral zones. When | visit my Alaskan
daughter and watch the beautiful northern lights, |
can't see that the flickering sheets of solar ions
extend all the way around the magnetic pole, but
satellites can. The pioneering flight of the Wright
brothers reminds us that the most interesting phe-
nomenon on our planet is the human intellect. Sixty
five years after the first airplane flight in 1903,
Apollo astronauts flew 240,000 miles from Earth to
explore the Moon.

The Moon

Although the barren lunar surface provides a great
contrast to Earth's teeming life, we've operated six
research stations there, and a dozen astronauts
have traversed the cratered terrain. The Moon is a
geologist’s paradise of ancient rock formations.

We've learned a great deal about lunar re-
sources from the Apollo expeditions. The rocks are
about 40% oxygen, which can be extracted for life
support and spacecraft propeilants. Terrestrial
plants thrive in lunar soils, which contain finely
powdered glasses, metallic particles and minerals.
Indigenous resources will be valuable for future
lunar operations, including a rich inventory of
heavy elements, but the Moon lacks water. Hydro-
gen, carbon, and other essential light elements are
scarce on the Moon, but abundant on Mars.

Mars

Humanity's next destination in space is resource-
rich Mars and its moons (Figures 2 and 3). Voyag-
ing hundreds of times the lunar distance from Earth
will become routine in the first quarter of the 21st
Century. Robotic spacecraft orbiting Mars have
transmitted detailed photos, including spectacular
features like Mons Olympus, the greatest volcano
in the solar system. This giant cone spreads 420
miles across the plain and soars 15 miles to a lofty
caldera. The enormous bulk reflects the lack of
tectonic plate movement on Mars. We believe that
the Hawaiian Islands were formed as a tectonic
plate drifted above a subterranean magma source,
throwing up a long chain of volcanic islands. On
Mars, however, the plates appear to be fixed, so
volcanoes grew larger and larger. This is just one
of many terrestrial insights scientists are gaining
from comparative planetology.

The most surprising discoveries from Viking
spacecraft orbiting Mars were pictures showing
evidence that at one time liquids flowed across the
Martian surface. No rivers can exist today because
the pressure of the thin carbon dioxide atmosphere
is below the critical point of water; Martian ice
therefore sublimes directly into vapor. Yet water
eroded the surface for some time after the Martian
impact craters were formed, and underground per-
mafrost may still exist. Further evidence is provided
by impact craters that show a muddy-looking
fringe, as though the heat of collision produced a
mushy outward wash. Looking down from orbit in
the early morning we saw water fog forming in
some valley areas, so substantial water resources



exist in the atmosphere. Martian water frozen in
polar icecaps, possibly underground, and in the
atmosphere, will provide future pioneers with a
resource essential for life.

Two robotic Viking explorers landed on Mars in
1976 carrying TV cameras, weather stations, and
life-detection experiments. Their transmitted data
followed the seasons throughout the Martian year
(669 24-hour. 40-minute days), including great
planet-wide dust storms. Pictures they took of a
frosty morning on Mars shows the abundance of
extractable water in the atmosphere. The soils
sampled revealed no organic materials or evidence
of life. Although these results were negative, life
may exist elsewhere on Mars. The era of liquid

water on Mars lasted longer than the time required
for the first terrestrial life to appear in Earth's
oceans, so fossils may record earlier life. We have
much yet to learn aboutthe possibility of life beyond
Earth, and Mars is a superb laboratory.

Asteroid Belt

Beyond Mars lies a swarm of small asteroids that
never aggregated to form a planet, but remain as
tens of thousands of planetesimals. The Martian
moons, Phobos and Deimos, are believed to be
captured asteroids. As NASA's Galileo spacecraft
flies through the astercid belt oniits six-year journey
to Jupiter, it will observe asteroids Gaspra in Octo-

Figljre 3. Mining propellant on Phobos, a moon of Mars. (Artist: Robert McCall. Copyright 1986 by Bantam Books. Inc.)



ber, 1991, and Ida in August, 1993. All future plan-
etary missions beyond Mars will be targeted to fly
by asteroids. In the 21st Century, six-month piloted
missions to nearby asteroids should follow the
initial human exploration of Mars.

Jupiter

Beyond the asteroid belt is giant Jupiter, which
contains most of the mass of the solar system
outside the Sun. One of its remarkable moons is
lo, with active volcanoes that spout sulfur high into
the sky. These volcanoes were actually discovered
by a computer and an alert technician, Linda
Morabito, of NASA's Jet Propulsion Laboratory.
She fed incoming photos into an automated navi-
gation program that pinpointed spacecraft position

by scanning the limb of the moon in relation to
nearby stars. When the computer kept rejecting the
pictures of lo's limb, she checked and noticed a
mushroom cloud where no cloud should be. Addi-
tional pictures showed soaring volcanic plumes
distorting the smooth arc of lo's horizon; thus, to
everyone's amazement, vulcanism was discov-
ered in the Outer Solar System.

Other Jovian moons show intriguing features,
too, including Ganymede, Callisto, and Europa,
with ice-crusted oceans. The Galileo spacecraft
will study them all after it deploys a European
Space Agency probe into Jupiter's atmosphere.
The isotopic compositions of Jupiter's gasses is of
greatinterestto planetologists and astrophysicists,
since they preserve the primitive material from
which the Solar System was born. Galileo will

Figure 4. In the foreground is an aerospace plane and the Earth Spaceport. The spaceport is receiving cargo from a
cargo transport vehicle (fower left-hand corner). In the background, a two stage transfer vehicle is returning to the Earth
Spaceport from the Moon. (Artist: Robert McCall. Copyright 1986 by Bantam Books, Inc.)



journey throughout the Jovian moon system for
several years, transmitting back to Earth pictures
with a thousand times the resolution of previous
images.

Saturn

Next after Jupiter is spectacular Saturn, with its
magnificent ring structure. In April, 1996. NASA
plans to launch the Cassini Mission with a Euro-
pean lander targeted for Titan, Saturn’s largest
moon. Titan's cloudy atmosphere is rich in organic
compounds, which react under solar and cosmic
ray irradiation to form Los Angeles-like smogs.
From Titan's clouds methane may snow onto
oceans and glaciers of organic compounds and
continents of ice. The European Space Agency's
probe should give us an exciting view of Titan's
surface, perhaps shedding light on the conditions
on ancient Earth when organic molecules first com-
bined to form living systems. After deploying the
ESA probe at Titan, the Cassini spacecraft will
carry out an ambitious observation program of
Saturnian moons and rings.

Uranus and Neptune

Beyond Saturn is Uranus, with equally fascinating
moons. Miranda, for example, appears to have
suffered an enormous impact that fractured it into
a number of fragments, which then reconstituted
themselves under low gravity into an incredibly
jumbled topography. The geology of the Uranian
moons, and of the more distant Neptunian moons,
exhibit a fascinating diversity. Voyager's final de-
tailed photographs of the large Neptunian moon,
Triton, show geysers spouting liquid nitrogen five
miles into the atmosphere, with debris falling onto
continents of ice along a line 60 miles downwind.
Triton is indeed a fascinating world.

Piuto

The one planet NASA's far-ranging reconnais-
sance robots have yet to visit is remote Pluto and
it's large moon, Charon. This distant duo also
promises to exhibit the diversity we've come 1o
expect in the outer Solar System. We need to

understand the energetics of these worlds far from
the Sun, which appear to emit more energy than
they receive. Missions to Pluto/Charon involving
flight times up to forty years are under study.
NASA's reconnaissance of our Sun's planets and
moons is teaching us much that is applicable to
potentially habitable worlds circling other stars.

Comets

Comets bring primitive material from the fringes of
the Solar System into range of our spacecraft.
Early in the next century NASA is planning to land
a probe on a comet as it passes the orbit of Jupiter
on its inward journey past the Sun. The goal is to
monitor the comet through its closest approach to
the Sun, studying the emissions from its outgas-
sing surface as they stream out to form the tail. A
refrigerated sample of its icy core may be brought
back to Earth for study by a paraltel probe that the
Japanese Space Agency and NASA are discuss-
ing. Such a sample would represent invaluable
material from interstellar space.

THE COMING EXTRATERRESTRIAL
CENTURY

The 21st century will usher in a new Age of Discov-
ery based upon reliable, low cost travel throughout
the Inner Solar System. President Bush has di-
rected his National Space Council and NASA to
prepare plans for an evolutionary space station in
Earth orbit in the next decade, a return to the Moon
to establish permanent bases about 2004, and the
manned exploration of Mars starting about 2015.
This follows the recommendations of the National
Commission on Space Report, Pioneering the
Space Frontier', which listed five program ele-
ments as particularly critical for future interplane-
tary operations:

1. A Highway to Space to provide reliable, low-
cost access to Earth orbit for passengers and
cargo;

2. Orbital Spaceports circling the Earth, the
Moon and Mars, to support spacecraft assem-
bly, storage. repair, maintenance, refueling,



check-out, launch and recovery of robotic and
piloted spacecraft:

3. A Bridge between Worlds to transport cargo
and crews to the Moon, and to extend human
spaceflight hundreds of times the lunar distance
to Mars, with cycling spaceships in permanent
orbits between Earth and Mars;

4. Prospecting & Resource Utilization Systems
to map and characterize the resources of plan-
ets, moons and asteroids, and learn how to “tive
off the land” using indigenous materials on
other worlds; and

5. Closed-Ecology Biospheres, like Biosphere

2, that can provide food and recycled air and
water within secure habitats remote from Earth.

Each of these five elements is challenging, and
each requires technological advances across a
broad front. Yet we know much more today about
establishing a network of evolutionary outposts
and bases around the Inner Solar System than we
knew about lunar landing when President Kennedy
initiated the Apollo Program in 1961. We also have
a broader base of international cooperation, a
larger gross world product, and far greater astro-
nautical experience. Let's review progress in each
of these five fields.

The Highway to Space

Our most urgent need is a significant reduction in
the cost of transporting cargo and crews between
Earth and Low Earth Orbit. The U.S. Space Shuttle
pioneered high-pressure hydrogen/oxygen en-
gines, recoverable solid boosters, lightweight
structures, high temperature re-entry tiles, auto-
mated landing from orbit, winged flight through the
range of Mach numbers from zero to twenty five,
vehicle reusability, payload return to Earth, and
many other significant innovations. It is a superb
craft for carrying 2 to 8 astronauts and substantial
payloads between Earth and orbit in infrequent
missions lasting several weeks. But the objective
of routine low-cost transport cannot be achieved by
this piloted vehicle, and shuttle operations are too
expensive to continue indefinitely. Candidate new
piloted systems include the Advanced Launch Sys-

tem (ALS), a Personnel Launch System (PLS), and
the X-30 National Aero-Space Plane (NASP). The
shuttle has taught us much about the system re-
quirements for routine access to orbit, but a major
reduction is needed in the cost of transporting large
tonnages of cargo into orbit for 21st Century oper-
ations on the Moon and Mars.

Commercial cargo launch services are now
available from many nations, but most empioy
labor-intensive, one-shot, missile technologies
from the 1960s, with inherent high cost and single-
point failure modes. New Ariane, ALS, and other
launch vehicles are in prospect, but launch tech-
nology is about where aircraft design was in the
1920s, when barnstorming pilots flew with canvas
and piano wire. But we can envision a future space
transport equivalent of the economical Douglas
DC-3, and the required technology base is under
development in NASA's “Civil Space Technology
Initiative” and “Pathfinder Program” (R&D in sup-
port of Solar System exploration).

For cargo transport, NASA is studying an un-
manned Shuttle C, and a joint NASA-Air Force
Advanced Launch System. Similar programs are
under study by other countries. Now that President
Bush has set the long-range U.S. goa! of exploring
Mars via the Moon, NASA can specify the charac-
teristics of future payloads and launch systems.
Serial production of fully-automated launch vehi-
cles will significantly reduce the cost and hazards
of spaceflight.

Orbital Spaceports

The U.S. Skylab and U.S.S.R. Salyut and Mir
space stations have demonstrated the feasibility
and utility of manned orbital laboratories. Astro-
nauts and cosmonauts have carried out Earth ob-
servations, zero-gravity processing, ultraviolet and
X-ray astrophysics, studies of the physiological
effects of months of prolonged weightlessness,
and many other experiments. Cosmonauts aboard
the space station Mir have conducted medical and
biological experiments demonstrating the possibil-
ity of a one-year, zero-g flight to Mars. Modules for
the international Space Station Freedom are being
designed by NASA and the European Space



Agency (ESA) in collaboration with Japanese and
Canadian teams.

The new challenge is to design Space Station
Freedom for the mid-90s with the flexibility to
evolve into an international Spaceport by the turn
of the century. Spaceport Earth must also provide
the prototype for Spaceport Moon by 2001, and
Spaceport Mars a decade later. This will establish
an international network of orbital bases around the
Inner Solar System combining the functions of
space transportation nodes, communication cen-
ters, space laboratories, habitats, medical out-
posts, general purpose workshops, spacecraft
assembly and checkout facilities, supply depots,
maintenance bases, and fuel farms. Just as sea-
ports assemble and service ships, orbital space-
ports will assemble and service spacecraft. They
will support a diverse fleet of satellite platforms
circling three worlds, and dispatch and recover
spacecraft for interplanetary cargo and passenger
transport (Figure 4).

The Bridge Between Worlds

Modular space transfer vehicles with hydrogen-ox-
ygen engines and aerobraking shields are being
developed for Earth-Moon and Earth-Mars cargo
and passenger flights. Lower-cost cargo transport
is in prospect using low-thrust, high-specific-im-
pulse solar or nuclear electric propulsion systems,
with the propulsion el